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Mammalian ATP-binding cassette (ABC) subfamily F mem-
ber 3 (ABCF3) is a class 2 ABC protein that has previously been
identified as a partner of the mouse flavivirus resistance protein
2�,5�-oligoadenylate synthetase 1B (OAS1B). The functions and
natural substrates of ABCF3 are not known. In this study, anal-
ysis of purified ABCF3 showed that it is an active ATPase, and
binding analyses with a fluorescent ATP analog suggested
unequal contributions by the two nucleotide-binding domains.
We further showed that ABCF3 activity is increased by lipids,
including sphingosine, sphingomyelin, platelet-activating fac-
tor, and lysophosphatidylcholine. However, cholesterol inhib-
ited ABCF3 activity, whereas alkyl ether lipids either inhibited
or resulted in a biphasic response, suggesting small changes in
lipid structure differentially affect ABCF3 activity. Point muta-
tions in the two nucleotide-binding domains of ABCF3 affected
sphingosine-stimulated ATPase activity differently, further
supporting different roles for the two catalytic pockets. We pro-
pose a model in which pocket 1 is the site of basal catalysis,
whereas pocket 2 engages in ligand-stimulated ATP hydrolysis.
Co-localization of the ABCF3–OAS1B complex to the virus-re-
modeled endoplasmic reticulum membrane has been shown
before. We also noted that co-expression of ABCF3 and OAS1B
in bacteria alleviated growth inhibition caused by expression of
OAS1B alone, and ABCF3 significantly enhanced OAS1B levels,
indirectly showing interaction between these two proteins in
bacterial cells. As viral RNA synthesis requires large amounts of
ATP, we conclude that lipid-stimulated ATP hydrolysis may
contribute to the reduction in viral RNA production character-
istic of the flavivirus resistance phenotype.

Members of the genus Flavivirus in the family Flaviviridae
include human pathogens, such as West Nile virus (WNV),2

Japanese encephalitis virus, tick-borne encephalitis virus, yel-
low fever virus, dengue virus, and Zika virus. Phenotypic evi-
dence of genetically controlled host resistance to particular
virus pathogens has previously been obtained, but few of the
genes involved have been identified and characterized (1). Fla-
vivirus resistance and susceptibility in mice are controlled by
the alleles of the Flv locus, which encode the 2�–5�-oligoadeny-
late synthetase (OAS) 1B protein. Flavivirus-resistant mice
express a full-length OAS1B protein, while susceptible mice
produce a truncated protein (OAS1B-tr) due to the presence of
a premature stop codon (2, 3). oas1 genes are components of
the cellular innate immune response that when activated by
viral dsRNA synthesize short 2�–5�-linked oligoadenylates
(2–5A). These bind to cytoplasmic RNase L causing it to
dimerize and cleave single-stranded cell and viral RNAs (4).
Eight orthologs of the oas1 gene (oas1a– h) have been iden-
tified in mice (5, 6). The proteins produced by only two of the
murine oas1 genes (OAS1A and OAS1G) are active synthe-
tases. OAS1B is an inactive synthetase that cannot produce
2–5A (7, 8).

The OAS1B protein localizes to the endoplasmic reticulum
(ER) through a C-terminal transmembrane domain consisting
of 23 amino acid residues (9). OAS1B-tr, the truncated version
of OAS1B, lacks this C-terminal transmembrane domain and is
therefore unable to anchor to the ER. Flavivirus RNA replica-
tion occurs within invaginations in the ER membrane (10).
Although flaviviruses can attach and enter resistant and suscep-
tible mouse cells with similar efficiency, resistant cells produce
reduced levels of intracellular flavivirus RNA as well as lower
virus yields (9). A yeast two-hybrid screen of a mouse brain
library identified two binding partners for OAS1B: ABCF3,
which belongs to class 2 of the ATP-binding cassette (ABC)
superfamily of proteins; and ORP1L, a protein involved in sterol
binding and regulation of late endosome motility as well as
protein and lipid transport (9, 11). Interaction between OAS1B
and ABCF3 was further demonstrated by co-immunoprecipi-
tation in mammalian lysates and co-localization in baby ham-
ster kidney cells by fluorescence microscopy (9). Knockdown of
ABCF3 protein levels increased WNV yields but not those of
two nonflaviviruses, vesicular stomatitis virus and Sindbis
virus, supporting a specific role for ABCF3 in OAS1B-mediated
flavivirus resistance (9). Moreover, the flavivirus-specific effect
of knockdown of ABCF3 was only seen in resistant mouse
embryo fibroblasts (MEFs) that naturally express the full-
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length OAS1B protein and not in susceptible MEFs expressing
the truncated OAS1B-tr (9).

Most ABC proteins contain two nucleotide-binding domains
(NBDs) and two transmembrane domains (TMDs) that are
present either in the same polypeptide or on separate subunits.
The NBDs contain several conserved motifs, including Walker
A, Walker B, ABC Signature, Q-loop, and Switch motifs, and
the TMDs have limited sequence conservation (12). The
Walker A motif of ABC proteins plays a critical role in ATP
binding, and Walker B is involved in hydrolysis (12). Analyses of
the crystal structures of ABC proteins suggest that their ATP-
binding pockets are located at the interface formed by the
Walker A motif of one NBD juxtaposed against the signature
motif of the other NBD in a head–to–tail configuration (12, 13).
ABC proteins are normally involved in the cellular transport
of a diverse range of substrates in both prokaryotes and
eukaryotes, and this process is coupled to the energy of ATP
hydrolysis (14, 15). Members of the ABC superfamily are
divided into three classes (14, 15). Although the function,
mechanism, and structure of class 1 and class 3 proteins have
been elucidated in detail (14, 15), little is known about class 2
proteins and their physiological roles. Class 2 proteins are dis-
tinct in that they lack the TMD domains but contain two tan-
demly-linked NBD domains, which also likely participate in
a head–to–tail configuration resulting in two ATP-binding
pockets (13). Because of the lack of a transmembrane domain,
the primary cellular role of most class 2 proteins is believed to
be regulatory in nature (15). It has been postulated that some
class 2 proteins may complex with other cellular membrane
proteins to enable them to transport ligands. The bacterial Mel
protein that interacts with the proton-motive force– driven
transmembrane pump protein MefE to form a complex in-
volved in the transport of erythromycin is the single example of
such a complex available to date (16, 17).

The ABC proteins have also been assigned to eight subfami-
lies, A–H. Subfamilies E and F, which do not contain TMDs,
belong to ABC class 2 (15). Subgroup F includes mammalian F1,
F2, and F3; yeast GCN20 and EF3; and bacterial EttA, Vga(A),
and Uup proteins. Some bacterial ABCF proteins, such as
Vga(A), confer antibiotic resistance by drug displacement at the
peptidyl transferase center of the ribosome (18 –22). EttA,
which functions as a translation factor and regulates progres-
sion of the 70S initiation complexes into the elongation cycle,
also associates with the ribosome (23, 24). Association with the
ribosome was also reported for other ABCF proteins, including
mammalian ABCF1 (ABC50) and yeast EF3, ARB1 (ABCF2),
and GCN20 (ABCF3) proteins, which regulate protein transla-
tion either at the level of initiation or elongation (25–33). Addi-
tional reports suggesting that the eukaryotic F1, F2, and F3 pro-
teins can impact diverse cellular activities, including innate
immunity against retroviruses (34), promotion of phagocytosis
(35), anti-apoptotic effect (36), and co-localization with a
tumor-inducing protein (37) are also available; however, there
is no firm consensus about their cellular functions, and none
have been characterized biochemically. However, data from
limited biochemical analyses of the bacterial ABCF proteins
Vga(A), Uup, and EttA are available. All three of these bacterial
ABCF proteins have ATPase activity, which was shown to be

essential for their function in the cell (23, 38, 39). The ATPase
activity of Vga(A) was found to be inhibited by the antibiotic
pristinamycin IIA (38), suggesting direct binding of Vga(A)
with its ligand, although there is no known partner protein with
a TMD. By contrast, ABC proteins belonging to class 1 and 3
normally bind their ligands only when in complex with their
cognate TMD partner proteins (14). Finally, the bacterial ABCF
proteins also have about an 80-amino acid long inter-ABC
domain linker, which contains conserved sequences and is rich
in positively-charged residues (40). In the case of Vga(A) and
EttA, the linker region was shown, by mutagenesis and deletion
analysis, to be critical for their association with the ribosome
and for their function (20, 21, 23). Interestingly, association of
the EttA linker with the ribosome was found to be sensitive to
the ATP/ADP ratio, leading to the proposal that this protein
plays a role in regulation of protein chain elongation in energy-
starved cells (23).

To gain an understanding of mammalian ABCF3 protein
functions that may play a role in the OAS1B-mediated flavi-
virus-resistance mechanism, the ATP-binding and ATPase
activities of mouse ABCF3 were characterized, potential
ligands of ABCF3 were identified, and the ability of ABCF3 to
interact with OAS1B in bacterial cells was analyzed. We
showed that purified ABCF3 protein is an active ATPase with
both NBDs contributing to the catalytic activity. TNP-ATP
binding studies showed that the two NBDs of ABCF3 are asym-
metric with NBD2 playing a more important role in nucleotide
binding. The substrates of the ABCF3 protein are currently not
known. However, many ABC family proteins are known to
transport lipids and amphiphilic drugs, and their ATPase activ-
ities have been shown to be stimulated or inhibited by these
substrates (41–49). Moreover, flavivirus infections modulate
host cell lipid metabolism (50) and result in changes in the
levels of fatty acids, phospholipids, sphingolipids, and choles-
terol in cell membranes (51–53), including in the ER, which is
the site of OAS1B/ABCF3 localization and a major site for lipid
biosynthesis (9, 54). Therefore, in this study we tested the effect
of multiple lipids and amphiphilic drugs on ABCF3 activity.
Interestingly, the ATPase activity of ABCF3 was found to be
modulated by several of the tested lipids, but not by amphiphilic
drugs. The basal and lipid-stimulated ATPase activity data
obtained with ABCF3 mutated in NBD1 and NBD2 suggested
that the two ATP-binding pockets may play different roles in
ATP hydrolysis. Co-expression of abcf3 and oas1b in bacteria
resulted in alleviation of growth inhibition caused by oas1b
expression alone and significantly enhanced OAS1B levels, sug-
gesting an intracellular protein–protein interaction in bacterial
cells.

Results

Analysis of the ATPase activity of ABCF3

ABCF3 protein was expressed from pET28a-abcf3 (Fig. 1A)
or pGEX-abcf3 (Fig. 1B), as described under “Experimental
procedures.” These two clones produced ABCF3 with an N-ter-
minal His-tag and GST-tag, respectively. A basal activity of 39
nmol/min/mg in 50 mM HEPES containing 125 mM NaCl, pH
7.5, was observed when the GST-tag was still present (Fig. 1, B
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and C). In contrast, a basal activity of 125 nmol/min/mg was
observed when the GST-tag was removed. His-tagged ABCF3
exhibited a basal ATPase activity of 132 nmol/min/mg that was
similar to that of untagged ABCF3 (Fig. 1, A and C), indicating
that the presence of the His-tag at the N terminus of ABCF3 had
no deleterious effect on its activity. Also, the yield of pGEXf3-
expressed ABCF3 protein obtained after removal of the GST
tag was significantly lower than that of pET28af3-expressed
His–ABCF3 (Fig. 1, A–C). Purified His-tagged ABCF3 protein
was used in the subsequent experiments.

Modulation of the ATPase activity of ABCF3 by potential
ligands

The substrates of the ABCF3 protein are currently unknown.
To identify potential ligands, the effect of various lipids, sterols,
and drugs on the ATPase activity of ABCF3 was analyzed (Fig.
2, A–J, gray diamond) as described under “Experimental pro-
cedures.” The selected lipids and drugs were chosen based on
previous reports in the literature (11, 45–49). To remove back-
ground activity, the effect of each ligand on the activity of the
double Walker A mutant K216A/K531A (described later) was
also analyzed (Fig. 2, A–J, tan circle). The normalized activities
were then calculated by subtracting the activity of the double
mutant from the WT ABCF3 activity at each ligand concentra-
tion (Fig. 2, black square). The data in Fig. 2 show that the
ATPase activity of ABCF3 was significantly modulated by
sphingosine, sphingomyelin, platelet-activating factor (PAF),
lysophosphatidylcholine (LPC), lysophosphatidylinositol (LPI),
lyso-PAF, cholesterol, and alkyl ether lipids. Sphingosine, sph-

ingomyelin, PAF, and LPC induced nearly a 3-fold enhance-
ment in activity (Fig. 2, A–D). The alkyl ether lipid miltefosine
induced a biphasic response with ATPase activity stimulated at
low concentrations and inhibited at higher concentrations (Fig.
2E). In contrast, the other two alkyl lipids, edelfosine and peri-
fosine, as well as LPI, lyso-PAF, and cholesterol, inhibited
ATPase activity at all concentrations tested, including very low
concentrations (Fig. 2, F–J). Several drugs, which are known to
be substrates of multidrug resistance pumps, such as Hoechst
33342, verapamil, vinblastine, and quinidine as well as lipids,
including phosphatidylcholine, phosphatidylethanolamine,
sphingosine 1-phosphate, ceramide, and dihydroceramide, had
no effect on the ATPase activity of ABCF3 (Fig. 2K).

Role of the two NBDs of ABCF3 in ATP binding

Similar to other class 2 ABC proteins, mouse ABCF3 con-
tains two tandem NBDs connected by an 80-amino acid long
linker sequence with each NBD containing all of the previously
described conserved motifs (Fig. S1A). Alignment of the amino
acid sequence of mouse ABCF3 with those of other class 2
eukaryotic and prokaryotic ABC proteins showed a very high
degree of sequence similarity in all of the conserved motifs
present in both NBD1 (Fig. S1B) and NBD2 (Fig. S1C). The
human and mouse ABCF3 proteins showed more than 95%
overall sequence identity with each other extending over the
entire sequence of these proteins. The inter-ABC domain
linker region of bacterial ABCF proteins contains conserved
sequences and several charged residues (Fig. S2A) (21, 23, 40).
An alignment of the bacterial and eukaryotic linker sequences

Figure 1. Expression and purification of ABCF3. Protein purification and ATPase activity assays were performed as described under “Experimental proce-
dures.” A, E. coli HMS174(DE3) cells containing pET28a-abcf3 were used for purification of ABCF3. Samples 2– 6 were normalized by volume. Equal volumes (10
�l) were then analyzed using 10% SDS-PAGE, followed by staining with Coomassie Blue and Western blot analysis using anti-ABCF3 (1:2000). Two �l of the 1-ml
fractions were analyzed in lanes 7 and 8. Lane 1, Mr (marker); lane 2, inclusion body (I.B.); lane 3, cell lysate; lane 4, column flow-through; lane 5, washed with 50
ml of 30 mM imidazole in Buffer A (1� PBS, 20% glycerol, pH 7.4); lane 6, washed with 1 ml of 100 mM imidazole in Buffer A; lanes 7 and 8, 1 ml of the elution
fractions, each with 200 mM imidazole in Buffer A. B, E. coli Rosetta 2(DE3)pLysS cells containing pGEX-abcf3 were used for purification of ABCF3 with GST-tag
cleavage during elution. Samples 2–7 were normalized by volume. Equal volumes (10 �l) were then analyzed using 10% SDS-PAGE, followed by staining with
Coomassie Blue and Western blot analysis using anti-ABCF3 (1:2000). Two �l of a 1-ml elution were analyzed in lanes 8 –10. Lane 1, Mr; lane 2, cell lysate; lane 3,
column flow-through; lanes 4 – 6, washed with 10 ml of Buffer A each; lane 7, washed with 20 ml of Buffer B (1� cleavage buffer, 20% glycerol, pH 7.0); lanes 8 –10,
elution fractions 1–3 with 1 ml of Buffer B after GST tag cleavage with PreScission Protease (GE Healthcare). C, table shows the yield of purified ABCF3 and
mean � S.D. n � 10 experiments for 5 �g of basal ABCF3 ATPase activity. A Mann-Whitney test showed there was a significant difference between basal ATPase
activity of GST–ABCF3 and ABCF3, p value 0.0022; between GST–ABCF3 and His–ABCF3, p value 0.0007; and there was no significant difference between ABCF3
and His–ABCF3 basal ATPase activities, p value 0.7546.
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showed regions of relatively high homology between the two
groups (marked with green highlighted boxes, Fig. S2B) and
within members of the eukaryotic group (Fig. S2C), suggesting
that the linker region of eukaryotic proteins may also play an
important role in the function of these proteins.

To determine the function of each NBD of the mouse ABCF3
protein, point mutations were made in either the conserved
lysine in the Walker A motif that is known to be critical for ATP
binding or in the conserved glutamate in the Walker B motif
that plays an important role in ATP hydrolysis (12, 14). Clones
containing simultaneous mutations in both NBDs of ABCF3

were also made. The nucleotide-binding characteristics of the
purified WT and mutated ABCF3 proteins were initially ana-
lyzed by intrinsic tryptophan (Trp) fluorescence quenching.
This approach is commonly used to determine conformational
changes in proteins in response to the binding of nucleotides
and other substrates (42). An emission scan of ABCF3 and
NATA (a tryptophan analog) showed that, as expected, the
environment of the Trp residues in ABCF3 is more nonpolar
than that of NATA (Fig. S3A). Titration of purified ABCF3
protein with ATP or ADP showed saturable quenching, indi-
cating specific binding of each nucleotide (Fig. S3B). However,

Figure 2. Modulation of the ATPase activity of purified ABCF3 by ligands. A–J, increasing concentrations of sphingosine (A), sphingomyelin (B), platelet-
activating factor (C), lysophosphatidylcholine (D), miltefosine (E), edelfosine (F), perifosine (G), lysophosphatidylinositol (H), lyso platelet–activating factor (I),
and cholesterol (J) were added to 5 �g of purified ABCF3 in a 1-ml volume reaction. The coupled assay for ATPase activity was carried out as described under
“Experimental procedures.” Data points represent mean ATPase activity with standard deviation for 10 trials in nanomoles/min/mg. Gray diamond indicates WT
ABCF3; tan circle indicates K216A/K531A mutant ABCF3; and black square indicates normalized WT ABCF3 ATPase activities. ATPase activities were normalized
by subtracting the activity of K216A/K531A mutant protein from WT ABCF3 activity at each ligand concentration. K, table shows a summary of fold-change in
ATPase activity produced by various ligands. The activity in the absence of a ligand was designated as 1.0. Fold-change of �1 implies stimulation, and �1
implies inhibition. The reported fold-change was observed at the concentration indicated in parentheses. The results of Wilcoxon matched-pairs signed rank
tests comparing normalized basal ATPase activity and normalized ligand-stimulated activity of WT ABCF3 are shown next to the ligand concentration values.
***, p value � 0.001; **, p value � 0.01; *, p value � 0.05.
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the corrected fluorescence data could be fitted to single-site
Michaelis-Menten kinetics suggesting that there is only one
nucleotide-binding site in WT ABCF3 (Fig. S3B). This may be
due to the asymmetric distribution of the Trp residues in
ABCF3 (with four located in NBD1 and only one near NBD2,
see Fig. S1A), which likely introduces a bias in the Trp-quench-
ing experiments. Analysis of single or double Walker A mutants
(K216R, K531R, or K216R/K531R) surprisingly showed that the
ATP-binding affinity of each of these mutants was unaffected
compared with that of WT ABCF3 (Fig. S3C), further indicating
that Trp-quenching analysis may not be suitable for studying
nucleotide binding to ABCF3.

To further investigate nucleotide binding, TNP-ATP, a fluo-
rescent analog of ATP, was used. TNP-ATP alone exhibits
some fluorescence in solution; however, its interaction with the
nucleotide-binding pocket of a protein results in enhanced fluo-
rescence (44, 55–57). TNP-ATP binding to ABCF3 resulted in a
2-fold increase in fluorescence (in the presence or absence of 10
mM MgCl2) compared with TNP-ATP in buffer (Fig. 3A).
Moreover, a red shift in �max from 551 to 545 nm was also

observed indicating that TNP-ATP binding occurs within a
hydrophobic region in ABCF3. To determine whether TNP-
ATP binds to the ATP-binding pocket(s), increasing concen-
trations of different nucleotides, including ATP, ADP, or AMP,
were added to TNP-ATP– bound ABCF3. It was expected that
the addition of nucleotides would displace TNP-ATP from the
binding pocket and result in a decrease in fluorescence, as
reported previously (44, 55–57). The addition of 0.1 mM ATP
resulted in a sharp decrease in fluorescence indicating displace-
ment of TNP-ATP (Fig. 3B). Significantly less displacement was
seen with either 0.1 mM ADP or AMP. These results suggest
that TNP-ATP binds specifically to the nucleotide-binding
pocket(s) in ABCF3 and that ATP binds with higher affinity
than either ADP or AMP.

To determine the ABCF3 binding affinity for TNP-ATP, 5
�M ABCF3 was titrated with increasing concentrations of TNP-
ATP ranging between 0.1 and 20 �M. TNP-ATP binding to WT
ABCF3 followed sigmoidal kinetics, suggesting the presence of
two nucleotide-binding sites in this protein (Fig. 3C). The data
could be fitted to an allosteric binding model that exhibited a

Figure 3. Binding of TNP-ATP to WT ABCF3 or mutated proteins. A, fluorescence emission of TNP-ATP bound to ABCF3. The fluorescence emission spectrum
of 5 �M TNP-ATP in Buffer A (1� PBS, 20% glycerol, pH 7.4) was examined in the presence or absence of 5 �M ABCF3. Excitation occurred at 403 nm, and emission
was recorded between 450 and 600 nm. Scans carried out in the presence or absence of TNP-ATP and ABCF3 are shown. B, displacement of TNP-ATP by ATP,
ADP, or AMP. Different concentrations of ATP (black diamond), ADP (purple square), or AMP (gray triangle) were added to a 500 �l solution containing 5 �M

ABCF3 with 5 �M TNP-ATP and 10 mM MgCl2 after an incubation period of 5 min at room temperature. Fluorescence values were obtained after each addition
of nucleotide and corrected as described. The initial fluorescence (before addition of nucleotides) was set as 1.0, and the fraction of TNP-ATP bound to ABCF3
after addition of nucleotides was calculated. Each plotted value represents the average of four trials, and where not visible the standard deviation lies within
the data points. C, kinetic analysis of TNP-ATP binding to purified WT ABCF3. Titrations of ABCF3 with increasing concentrations of TNP-ATP were carried out.
Aliquots of TNP-ATP were added to a 500 �l solution of 5 �M ABCF3 in Buffer A, and the fluorescence intensity (403 nm excitation, 450 – 600 nm emission) was
recorded after each addition. Blank titrations with each TNP-ATP concentration (without addition of ABCF3) were also carried out. Fluorescence values were
corrected as described under “Experimental procedures” and plotted using GraphPad Prism. D–G, kinetic analysis of TNP-ATP binding to mutated proteins. D,
Walker A lysine to arginine mutations NBD1 (black circle); NBD2 (blue square); and double NBD1/NBD2 (red triangle). E, Walker A lysine to alanine. F, Walker B
glutamic acid to glutamine. G, Walker B glutamic acid to alanine. Each data point represents the average of four trials. Where not visible the standard deviation
lies within the data points. H, summary of TNP-ATP binding kinetics to WT and Walker A and B mutants fitted to allosteric sigmoidal binding model. Noncon-
servative mutations are shown in red font. The standard deviations are provided for each. nH � Hill coefficient.
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K0.5 of less than 3 �M and a Hill coefficient of 1.8 (Fig. 3H),
suggesting positive cooperativity between the two binding sites.
To determine the effect of Walker A mutations on TNP-ATP
binding, titrations were also carried out with the single (NBD1
or NBD2) and double (NBD1/NBD2) mutant ABCF3 proteins.
Lysine to arginine substitution mutations in the Walker A motif
in each NBD of ABCF3 (K216R or K531R) resulted in higher
K0.5 values, implying a lower-binding affinity for TNP-ATP, as
expected (Fig. 3, D and H). The K216R (NBD1) mutant protein
bound TNP-ATP with a 2-fold higher K0.5 than WT ABCF3,
whereas the K531R (NBD2) mutant protein showed about a
5-fold higher K0.5 (Fig. 3, D and H). The double mutant K216R/
K531R protein exhibited the highest K0.5, which was almost
10-fold higher than that of the WT protein. These data suggest
that both NBDs in ABCF3 contribute to ATP binding, but
NBD2 plays a more important role. Interestingly, the NBD2
mutant K531R protein provided the best fit with the single-site
Michaelis-Menten model and showed a Hill coefficient of 1.0,
which differed from the Hill coefficient of 1.8 observed for the
WT protein. The NBD1 mutant K216R protein, however, still
displayed allosteric binding of TNP-ATP with a Hill coefficient
of 2.0. Together, these results suggest that TNP-ATP still binds
to the mutated NBD1 site (K216R) albeit with a 2-fold lower
affinity, but TNP-ATP binding to the mutated NBD2 (K531R)
is significantly negatively impacted.

Since the conservative lysine to arginine mutations
described above resulted in only limited loss of function of
ABCF3 (especially for the NBD1 K216R mutant), nonconserva-
tive mutations of lysine to alanine were also constructed to
further examine the role of each NBD. As expected, these muta-
tions (K216A, K531A, and K216A/K531A) produced a much
more drastic effect on TNP-ATP binding resulting in incom-
plete saturation when each protein was titrated with increasing
concentrations of TNP-ATP (Fig. 3E). Moreover, the K0.5 value
in each case was significantly higher as compared with the
lysine to arginine mutations, and the Hill coefficient in each
case was �1.0 (Fig. 3H, shown in red font). The combination of
the nonsaturating binding curves seen in Fig. 3E and the high
error in K0.5 values reported by GraphPad in Fig. 3H suggested
that these K0.5 values are most likely underestimated. Overall,
these results imply that TNP-ATP binding activity is severely
compromised in proteins with the nonconservative lysine to
alanine mutations in either NBD and confirm a role for each
NBD of ABCF3 in ATP binding.

Although the Walker B motif of ABC proteins plays an
important role in ATP hydrolysis (described below), the effect
of single (E353Q or E636Q) and double (E353Q/E636Q) point
mutations in Walker B on TNP-ATP binding was also investi-
gated (Fig. 3F). As expected, the effect of conservative Walker B
mutations on TNP-ATP binding was less severe than that
observed for the conservative Walker A mutations. These three
mutants displayed a slightly enhanced K0.5, with the double
mutant showing the largest increase (Fig. 3H). Nonconserva-
tive Walker B mutations (E353A, E636A, and E353A/E636A)
were also examined for their effect on TNP-ATP binding. The
effect of these mutations was also not as severe as that observed
with the nonconservative Walker A mutations (Fig. 3, G and H).

Role of the two NBDs of ABCF3 in ATP hydrolysis

The effect of the Walker A mutations (K216R, K531R,
K216A, and K531A) or the Walker B mutations (E353Q,
E636Q, E353A, and E636A) on ATPase activity was next deter-
mined. The most drastic effect on basal activity was observed
for the single nonconservative point mutation, K216A, in
NBD1, which resulted in less than 30% residual activity (Fig. 4A,
column 1, highlighted in red font). In contrast, a protein with
the single K531A mutation in NBD2 retained 100% of the basal
activity, whereas the double mutation K216A/K531A showed
less than 30% activity similar to K216A (Fig. 4A, column 1).
ABCF3 proteins containing conserved double Walker A (Lys to
Arg) or Walker B (Glu to Gln) mutations retained about
60 –70% residual activity. The double Walker B (nonconserva-
tive Glu to Ala) mutant protein, however, showed normal basal
activity for unexplained reasons (Fig. 4A, column 1, highlighted
in red font). Because the basal activity does not represent
specific ligand-stimulated activity, the finding that the effect
of various point mutations on basal activity varied is not
surprising.

The ATPase activity of WT ABCF3 was previously shown to
be stimulated by sphingosine (Fig. 2A), and the effect of sphin-
gosine on the activities of the Walker A and Walker B mutant
proteins was next determined. The NBD1 and NBD2 mutant
proteins behaved differently after addition of sphingosine.
Although the ATPase activity of WT ABCF3 was stimulated
about 3-fold by sphingosine, the activity of the NBD1 mutant
K216A was stimulated 15-fold compared with its reduced basal
activity (Fig. 4A, compare columns 1 and 3). The overall stimu-
lated activity of K216A (626 nmol/min/mg) was 1.7-fold higher
than the stimulated WT protein activity (367 nmol/min/mg). In
contrast, the activity of the corresponding NBD2 K531A
mutant protein was inhibited 3-fold by sphingosine, and the
activity of the double K216A/K531A mutant protein was unaf-
fected (Fig. 4A, columns 1 and 3). The protein with the conserv-
ative Walker A mutation K216R in NBD1 also showed about a
3-fold stimulation of activity, whereas the K531R NBD2 mutant
protein showed a 2-fold decrease (Fig. 4A, columns 1 and 3).
The Walker B NBD1 mutant proteins (E353A and E353Q) also
showed a 4 – 6-fold stimulation in activity, whereas the activi-
ties of the NBD2 mutant proteins (E636A and E636Q) were
decreased by about 1.5-fold, overall indicating a similar trend
for the NBD1 and NBD2 mutations. Since the nonconservative
double Walker A mutation K216A/K531A was most detrimen-
tal to the basal (Fig. 4A, column 1) and sphingosine-stimulated
(column 3) ATPase activities, the residual activity of this
mutant likely represents background or nonspecific activity.
Therefore, the ATPase activity data were normalized by sub-
tracting the basal and stimulated activity of the double mutant
from the corresponding activities of WT ABCF3 and all other
mutants (Fig. 4A, columns 2 and 4). A scatter plot of the nor-
malized basal and sphingosine-stimulated ATPase activities
of the WT and mutants is shown in Fig. 4B. After normaliza-
tion, the ATPase activity trends remained the same. The activ-
ity of the different NBD1 mutants was stimulated by sphingo-
sine, and the activity of different NBD2 mutants was inhibited,
although the degree of fold-stimulation or inhibition was
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altered to varying degrees for the different mutant proteins. For
example, the normalized activity of the K216A mutant protein
with sphingosine was on average nearly 300-fold higher com-
pared with its basal activity (Fig. 4A, column 4). This is due to
the raw basal activities of the K216A and K216A/K531A
mutants being very similar, as stated above, and thus after nor-
malization K216A exhibited minimal basal activity (Fig. 4A, col-
umn 2), resulting in a much higher fold-change of stimulated
activity with a broader range (164 –337) as shown in Fig. 5.

To determine whether sphingosine enhances the catalytic
activity of the NBD1 mutant K216A by increasing its affinity for
ATP, 5 �M purified WT or K216A protein was titrated with

increasing concentrations of TNP-ATP in the presence of 15
�M sphingosine. While the addition of sphingosine did not pro-
duce a significant change in the binding affinity of WT ABCF3
for TNP-ATP (Fig. 4C), the saturation curve no longer exhib-
ited sigmoidal behavior, and the kinetics yielded a Hill coeffi-
cient of 1.0 instead of 1.8 seen in the absence of sphingosine
(Fig. 4G). As predicted, the binding affinity of the NBD1 mutant
K216A for TNP-ATP was significantly enhanced by the pres-
ence of sphingosine (Fig. 4, D and G). Moreover, the binding
kinetics of the K216A mutant exhibited saturable binding,
which is in contrast to the incomplete saturation seen in the
absence of the ligand (Fig. 4D). The K0.5 for K216A in the pres-

Figure 4. Effect of Walker A or Walker B mutations on ATP hydrolysis and TNP-ATP binding in the presence of 15 �M sphingosine. A, table summarizes
the basal and sphingosine-stimulated ATPase activities in nanomoles/min/mg of purified WT ABCF3 or the Walker A and Walker B mutated proteins. Same
amount of purified ABCF3 protein (5 �g) was used in each assay, and the data were normalized by subtracting the basal or sphingosine stimulated activity of
K216A/K531A from WT and Walker A and Walker B mutant protein activities. The data represent the mean of at least 10 trials with the standard deviation
provided. Nonconservative mutations are shown in red font. The results of Wilcoxon matched-pairs signed rank tests comparing normalized basal ATPase
activity of WT to Walker A or B mutated proteins are shown with asterisks in column 2. The results of Wilcoxon matched-pairs signed rank tests comparing
normalized basal to normalized sphingosine-stimulated ATPase activity for each protein sample are shown with asterisks in column 4. ****, p value �0.0001; ***,
p value �0.001; **, p value �0.01; *, p value �0.05. B, scatter plot showing the normalized basal (black circle, �) and sphingosine-stimulated (red circle, 	)
ATPase activities in nanomoles/min/mg of Walker A and B mutant proteins. � (black) and 	 (red) indicate the absence or presence of sphingosine, respectively.
C–F, kinetic analysis of TNP-ATP binding to WT ABCF3 or Walker A lysine to alanine mutated proteins with (blue square) or without (black circle) 15 �M

sphingosine. C, WT protein. D, NBD1 mutant K216A protein. E, NBD2 mutant K531A protein. F, NBD1/NBD2 double mutant K216A/K531A protein. The plotted
values represent the average of four trials fitted to an allosteric sigmoidal model using GraphPad Prism software. G, summary of TNP-ATP binding kinetics to
WT and mutated proteins fitted to an allosteric sigmoidal binding model. Sp � sphingosine.
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ence of sphingosine was about 10-fold lower than that seen in
the absence of sphingosine and was now in the same range as for
WT ABCF3. Despite the very high binding affinity, the binding
curves were not sigmoidal, and the kinetic data showed a Hill
coefficient of 1.1 (Fig. 4G). Surprisingly, addition of sphingosine
also resulted in saturable binding of TNP-ATP to the NBD2
mutant K531A and the double mutant K216A/K531A with sig-
nificantly reduced K0.5 values (Fig. 4, E–G), even though the
ATPase activities of these mutants were not stimulated by
sphingosine (Fig. 4, A and B).

The two ATP-binding pockets in WT ABCF3 protein are
shown as P1 and P2 in the linear schematic shown in Fig. 5A,
and the negative effect of point mutations on pocket function is
indicated in Fig. 5, B–D. The accompanying table in Fig. 5 sum-
marizes the differential effects of NBD1 and NBD2 mutations
on TNP-ATP binding and the ATPase activities shown in Fig. 4.
Based on the data shown in Figs. 4 and 5, A–D, a model of the
function of each pocket was generated (Fig. 5E). The ATP-bind-
ing pockets are expected to be located at the interface of NBD1
and NBD2 in ABCF3 and to be formed by a head–to–tail inter-
action previously seen in other ABC proteins (12). Pocket 1 (P1)
is formed by association of Walker A and Walker B regions of
NBD1 with the signature motif of NBD2, whereas pocket 2 (P2)
contains the opposite arrangement. The possible implications
of this model for the catalytic mechanism of ABCF3 are dis-
cussed later.

Co-expression of OAS1B and ABCF3 in bacteria

OAS1B protein was previously shown to be localized to
the ER membrane in mammalian cells (9). This is proposed
to result from the presence of a putative TM domain located
at the C terminus of OAS1B (9). As bacteria contain only a
cell membrane and lack organelle membranes, we hypothe-
sized that an ABCF3–OAS1B complex formed in bacterial
cells might localize to the cell membrane and provide a
model for studying function, including lipid transport, by
this complex. Co-expression of OAS1B and ABCF3 was ana-
lyzed in Escherichia coli cells. The expression of full-length
oas1b alone from pGEX-oas1b at 20 °C resulted in complete
growth arrest within 30 min of induction of protein expres-
sion in E. coli cells; however, expression of the truncated
OAS1B protein lacking the putative TM domain (from
pGEX-oas1b
tm) induced no growth inhibition (Fig. 6A).
Western blot analysis showed significantly higher levels of the
OAS1B
TM protein compared with the full-length OAS1B
(Fig. 6B, compare lanes 2– 4 with lanes 5–7). This result was
expected because samples used in Fig. 6B, lanes 2– 4, were
derived from viable cells, whereas samples in lanes 5–7 were
derived from growth-inhibited cells. Overall, the differential
growth effect observed was attributed to the presence of a TMD
on the full-length OAS1B protein. Most of the OAS1B
TM
protein was sequestered in the inclusion body (IB) fraction (Fig.

Figure 5. Proposed model for the function of two ATP-binding pockets in ABCF3. A–D, linear schematic of WT ABCF3 and proteins mutated in the Walker
A motif (K216A, K531A, and K216A/K531A), each showing the two ATP-binding pockets P1 and P2. The mutated sites are marked with �. The ATPase activity
and the TNP-ATP– binding data for WT and mutants are summarized in the table. The normalized activities shown in Fig. 4A were used to generate the relative
ATPase activity values in columns 1 and 2. In column 1, the WT normalized basal ATPase values were designated as 1.0, and the relative ATPase values for each
ABCF3 mutant were calculated. In column 2, the fold-change was calculated by dividing the normalized sphingosine-stimulated activity of the WT and mutant
ABCF3 proteins by the normalized basal activity of each protein. The range indicates variability, calculated from 10 individual experiments. Values of �1.0
indicate stimulation. Values of �1.0 indicate inhibition, with a lower value indicating greater inhibition. Columns 3– 6 are based on TNP-ATP binding analyses
shown in Fig. 4, C–G. For column 3, the WT K0.5 value without sphingosine was designated as 1.0, and the relative K0.5 values for each mutant without
sphingosine are shown. In column 4, WT ABCF3 K0.5 values with 15 �M sphingosine were designated as 1.0, and the relative K0.5 values with sphingosine for each
mutant are shown. Column 5 displays the Hill coefficient (nH) for WT and mutant ABCF3 with TNP-ATP only, and column 6 shows nH values for WT and mutant
ABCF3 with TNP-ATP in the presence of 15 �M sphingosine. E, model of the head–to–tail interaction between the NBD1 and NBD2 domains of ABCF3 that result
in the formation of two ATP-binding pockets at their interface. The locations of the NBD1 mutant K216A and NBD2 mutant K531A are indicated (red). Based on
the data provided in the table, pockets 1 and 2 are proposed to be the sites for basal and sphingosine-stimulated ATPase activity, respectively. The function of
pocket 1 is proposed to be inhibited by sphingosine simultaneously when pocket 2 is stimulated.
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6B, lane 2), a phenomenon commonly seen when a heterolo-
gous protein is overexpressed in E. coli (58, 59).

The growth inhibitory effect of full-length OAS1B was also
analyzed in two other bacterial expression systems. When full-
length OAS1B was expressed at 20 °C from the extremely low-
expression, pACYC-based, pSU2718 vector (60), growth inhi-
bition was initially seen, but the cells were recovered after about
1 h of induction (Fig. 6A). Expression from pSU2718-oas1b at

37 °C, however, resulted in no growth inhibition (Fig. 6A). In
contrast, expression of full-length OAS1B from the higher copy
number pED-oas1b clone at 37 °C resulted in severe growth
inhibition that was not reversed until 3 h (Fig. 6C). Growth
inhibition, although to a lesser extent, was also seen when
OAS1B was expressed at 30 °C (Fig. 6D). Expression of ABCF3
alone did not have a negative effect on bacterial growth under
all tested conditions (Fig. 6, C and D).

Figure 6. Co-expression of oas1b and abcf3 in bacteria. A and B, effect of expression of full-length OAS1B on growth of E. coli cells. A, Rosetta 2(DE3)pLysS
cells containing pGEX-oas1b (gray times sign) or pGEX-oas1b(
tm) (purple triangle) or BL21 cells containing pSU2718 (black circle) or pSU2718-oas1b (blue
square) were grown at 37 °C to mid-log phase (A600 nm � 0.6) and induced with 0.25 mM IPTG for 3 h at 20 °C. BL21 cells containing pSU2718 (dark gray circle) or
pSU2718-oas1b (cyan square) were also separately induced with 0.25 mM IPTG for 3 h at 37 °C. Cell growth was monitored for 3 h after induction. A represen-
tative growth experiment is shown. B, Western blot analysis using anti-OAS1 antibodies. pGEX-oas1b(
tm) or pGEX-oas1b– containing cells collected at the 3-h
time point in A were fractionated as described to obtain the inclusion body (I.B.), cytosol (C), and membrane (M) fractions. Twenty five �g of each sample was
loaded on 10% SDS-polyacrylamide gels, followed by Western blotting against anti-OAS1 (1:500) antibodies as described under “Experimental procedures.”
Lane 1, marker (Mr); lanes 2– 4, OAS1B(
TM); lanes 5–7, OAS1B. C and D, effect of co-expression of OAS1B and ABCF3 on growth. E. coli Rosetta 2(DE3)pLysS cells
containing pED (black square), pED-oas1b (red circle), pED-abcf3 (gray triangle), or pED-oas1b-abcf3 (teal times sign) were grown at 37 °C to mid-log phase
(A600 nm � 0.6) and induced with 0.25 mM IPTG for 3 h at 37 °C (C) or 30 °C (D). The growth was monitored at A600 nm for 3 h after induction, and a representative
growth experiment is shown. E–H, Western blot analysis of the levels of ABCF3 and OAS1B in cell fractions at 37 °C (left panels) or 30 °C (right panels). Samples
collected at the 3-h time point in C and D were fractionated to obtain the inclusion body (I.B.), cytosol (C), and membrane (M) fractions. T, total sample. Samples
were loaded on 10% SDS-polyacrylamide gels, followed by Western blotting with anti-ABCF3 (1:2000) or anti-OAS1 (1:500) antibodies. E and F, Western blot
analysis using anti-ABCF3. Fifty �g of proteins were loaded with the exception of the I.B. samples where 25 �g of proteins were loaded. Lane 1, marker (Mr); lanes
2–5, ABCF3; lanes 6 –9, OAS1B/ABCF3. G and H, Western blot analysis using anti-OAS1. Fifty �g of proteins were loaded in each lane, as described above for E
and F. Lane 1, marker (Mr); lanes 2–5, OAS1B; lanes 6 –9, OAS1B/ABCF3. I–L, scatter plots showing average relative expression of ABCF3 (I and J) and OAS1B (K and
L) at 37 °C (left panels) or 30 °C (right panels). For comparison of protein levels in single and co-expression experiments, samples from all trials were electro-
phoresed together on the same gel and analyzed by densitometric scanning using Multi-Gauge version 2.3 software to obtain intensity values. The protein
level obtained under the single expression condition in each case was designated as 1.0, which is shown as a dotted red line in the scatter plots for comparison
with co-expression samples. Average intensity values obtained from �3 trials were then plotted. 1B � OAS1B; F3 � ABCF3; 1BF3 � OAS1B/ABCF3.
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To determine whether co-expression of abcf3 would impact
the growth inhibitory phenotype of oas1b expression, the
growth of E. coli transformed with the pED clones expressing
abcf3 (pED-abcf3), oas1b (pED-oas1b), or both abcf3 and oas1b
(pED-oas1b-abcf3) genes was analyzed at 37 or 30 °C. Interest-
ingly, co-expression of oas1b and abcf3 completely alleviated
cell growth inhibition at both 37 °C (Fig. 6C) and 30 °C (Fig. 6D),
suggesting that an intracellular interaction between ABCF3
and OAS1B had occurred.

The cellular distribution of each expressed protein was next
analyzed. The cells induced at 30 or 37 °C were lysed, and the
cytosolic, membrane, and IB fractions were prepared. The pro-
teins in each fraction were separated by SDS-PAGE and
detected by Western blotting with either anti-OAS1 or anti-
ABCF3 antibody (Fig. 6, E–H). An 8 –10-fold increase in the
level of total (T) OAS1B in cells co-expressing oas1b and abcf3,
compared with that in cells expressing oas1b alone, was
observed both at 30 and 37 °C (Fig. 6, G and H, compare lanes 5
and 9, and K and L, T). However, the majority of the OAS1B
protein produced under co-expression conditions was found in
the IB fraction with about a 25-fold increase in the accumula-
tion of OAS1B in IB at 37 °C compared with expression of
OAS1B alone (Fig. 6, G, compare lanes 2 and 6, and K, IB). At
30 °C, a 20-fold higher level of OAS1B was observed in the IB
fraction (Fig. 6, H, compare lanes 2 and 6; and L, IB) with lower
OAS1B levels detected in the cytosolic and membrane frac-
tions. The results indicate that due to the sequestration of over-
expressed OAS1B in inclusion bodies at both temperatures,
OAS1B localization to the membrane remained the same or
decreased in co-expressing cells. Moreover, co-expression at 30
or 37 °C had little or no effect on the stability or cellular distri-
bution of ABCF3 (Fig. 6, I and J).

Discussion

Recent studies have demonstrated the involvement of the
full-length OAS1B protein in conferring a flavivirus resistance
phenotype in mice (9, 61, 62). In yeast two-hybrid and subse-
quent in vitro pulldown experiments, ABCF3 and ORP1L were
identified as potential OAS1B partners that may play a role in
the flavivirus resistance mechanism (9). However, the specific
roles of these partners in the resistance phenotype have not
been determined.

In this study, a nonhydrolyzable analog TNP-ATP was used
to gain an understanding of the nucleotide-binding properties
of ABCF3. Interestingly, we found that TNP-ATP binding to
ABCF3 follows allosteric kinetics and exhibits positive cooper-
ativity with a Hill coefficient of 1.8. The two NBDs in ABCF3 are
each thought to participate in forming an ATP-binding pocket
(Fig. 5E), and the data obtained suggest cooperativity between
the two pockets with binding of a nucleotide to one pocket in
ABCF3 increasing the binding affinity of the other pocket. Con-
servative mutations (Lys to Arg) in the Walker A motif of either
NBD resulted in a decrease in affinity for TNP-ATP, implying a
role for each NBD in nucleotide binding. However, the NBD2
mutation (K531R) produced a much larger effect on TNP-ATP
binding, suggesting an unequal contribution of the two NBDs.
Results showing an unequal contribution of the two NBDs to
the function of the bacterial ABCF protein Vga(A) were previ-

ously reported (38). Moreover, the NBD2 mutation in Vga(A)
was found to be more detrimental than the NBD1 mutation, as
seen in the case of ABCF3.

We determined that ABCF3 is an active ATPase with a basal
ATPase activity of about 130 nmol/min/mg. Modulation of
ABCF3 activity by several lipids and alkyl ether lipid-based
amphiphilic drugs was observed, suggesting an ability of
ABCF3 to directly bind these lipids and drugs. Although sphin-
gosine, sphingomyelin, PAF, and LPC enhanced the activity,
the alkyl ether lipids miltefosine, edelfosine, and perifosine, as
well as LPI, lyso-PAF, and cholesterol either inhibited activity
or produced a biphasic response. Alkyl ether lipids are derived
from the glycerophospholipid LPC (63), and the results suggest
that small changes in lipid structure can produce different
effects on ABCF3 activity. Although it is currently not under-
stood why some lipids enhance while others inhibit ABCF3
ATPase activity, differential effects of different substrates on
the activities of other ABC proteins have been observed (45, 64,
65). Strong inhibition of the ATPase activity of Vga(A) and
other ABCF proteins by their antibiotic substrates reported
previously also suggested direct interaction with their sub-
strates (22, 38).

Point mutations in the NBD1 and NBD2 of ABCF3 affected
both basal and ligand-stimulated ATPase activity differently
providing further evidence for the asymmetric nature of the
two NBDs. Specifically, the NBD1 mutant K216A protein (con-
taining intact pocket 2, Fig. 5B) exhibited significantly reduced
basal activity, whereas the NBD2 mutant K531A protein (con-
taining intact pocket 1, Fig. 5C) showed full basal activity. Fur-
thermore, addition of sphingosine to proteins containing muta-
tions in NBD1 resulted in a significantly higher stimulation of
activity than observed with the WT protein (Fig. 5B), while the
activity of proteins containing NBD2 mutations was not only
unstimulated but was inhibited in response to sphingosine (Fig.
5C). Sphingosine also did not stimulate the ATPase activity of
the K216A/K531A double mutant (Fig. 5D). Based on these
observations, we assume that the 100% basal ATPase activity
seen in K531A mutation results from the intact pocket P1 (Fig.
5C), and the high sphingosine stimulation seen in K216A comes
from the intact pocket P2 (Fig. 5B). Therefore, we propose that
pocket 1 is the site of basal catalysis, whereas pocket 2 engages
in ligand-stimulated ATP hydrolysis (Fig. 5E). The inhibition
of the ATPase activities of the NBD2 mutant proteins also
suggests that sphingosine binding produces a dual effect,
stimulating the ATPase activity of pocket 2 while inhibiting
the activity of pocket 1 (Fig. 5, C and E).

The above data are consistent with the TNP-ATP binding
analysis conducted in the presence of sphingosine. While
sphingosine restored the binding affinity of the K216A mutant
protein to WT levels, the binding occurred with a Hill coeffi-
cient of 1.1, suggesting that the enhanced TNP-ATP binding in
the presence of sphingosine occurs predominantly to the intact
pocket 2 (Fig. 5B). Interestingly, sphingosine-dependent TNP-
ATP binding to WT ABCF3 also demonstrated a Hill coeffi-
cient of 1.0 in contrast to the cooperative binding seen in the
absence of the ligand (Fig. 5A), indicating that in the presence of
sphingosine only one site preferentially binds ATP, and this
active site corresponds to pocket 2. Surprisingly, addition of
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sphingosine to the pocket 2 mutant (K531A) or the double
mutant (K216A/K531A) protein also resulted in overall high
affinity TNP-ATP binding. In contrast to the K216A mutant
protein, however, neither the pocket 2 mutant nor the double
mutant showed any stimulation of ATPase activity by sphingo-
sine (Fig. 5, C and D). Because TNP-ATP binding normally
occurs with a much higher affinity than ATP binding (44, 55,
56), the simplest explanation for these data may be that sphin-
gosine can enhance TNP-ATP binding to pocket 2 despite the
presence of the K531A mutation, but it is unable to restore its
catalytic function. Overall, these data indicate the importance
of an intact pocket 2 in sphingosine-stimulated ATP binding
and catalysis by ABCF3.

Both co-immunoprecipitation of OAS1B and ABCF3 from
mammalian cells and co-localization of OAS1B and ABCF3 at
the ER membrane of mammalian cells were previously shown
(9). The OAS1B-tr protein, which does not contain a C-termi-
nal transmembrane domain, is unable to localize to the ER and
does not confer flavivirus resistance. Knockdown of ABCF3 in
infected cells resulted in an increase in WNV yields but did not
affect the yields of two nonflaviviruses, indicating that the
action of ABCF3 is specific for flaviviruses. Furthermore, the
effect of ABCF3 knockdown on WNV yields was observed in
WNV-infected MEFs expressing full-length OAS1B but not in
infected MEFs expressing OAS1B-tr, suggesting that interac-
tion between ABCF3 and OAS1B at the ER plays a role in the
OAS1B-mediated flavivirus resistance phenotype in infected
cells (9). The data presented here provide strong, but indirect,
evidence for interaction between OAS1B and ABCF3 in bacte-
rial cells. We showed that the expression of OAS1B alone in
E. coli results in varying degrees of growth inhibition, including
complete growth arrest, depending on the copy number of the
vector and the temperature of expression. This phenotype is
consistent with the inhibitory effect produced by overexpres-
sion of some membrane proteins in bacterial cells (58, 66).
Removal of the C-terminal domain of OAS1B containing the
putative TM domain resulted in alleviation of growth inhibi-
tion, providing support for the proposal that OAS1B is a mem-
brane-embedded protein (9). Furthermore, co-expression of
full-length OAS1B with ABCF3 rescued the growth inhibitory
phenotype produced by OAS1B expression alone at 30 °C or
37 °C, suggesting interaction between OAS1B and ABCF3. Co-
expression also unexpectedly resulted in a striking increase in
the cellular levels of OAS1B, indicating that ABCF3 protects
OAS1B from degradation by cellular proteases. The majority of
the OAS1B protein stabilized under the co-expression growth
conditions at either 30 or 37 °C was, however, sequestered in an
insoluble fraction in the cell. It is well-documented that the
expression or overexpression of a heterologous membrane pro-
tein in bacteria can often result in toxic effects (67, 68), prote-
olysis by housekeeping proteases (69 –72), and/or accumula-
tion of the overexpressed protein in inclusion bodies (58, 59).
Co-expression with an interacting partner protein has been
previously shown to result in alleviation of toxicity and protec-
tion from proteolysis (69, 72, 73). We saw evidence of all these
phenomena under different expression conditions: toxicity and
proteolysis of OAS1B when it was expressed alone but allevia-
tion of growth inhibition and stabilization of OAS1B, followed

by sequestration in inclusion bodies, when co-expressed with
ABCF3.

To our knowledge, interaction between eukaryotic proteins
in bacterial cells has not been shown previously. The pETDuet-
1– based bacterial co-expression system described here is not
only ideal for examining protein complexes (74 –76), but it also
offers several distinct advantages for advancing knowledge of
the two proteins. The availability of a clear growth phenotype
(growth inhibition/rescue) could be used to develop a genetic
screen for further analyzing the domains involved in interac-
tion between OAS1B and ABCF3. For example, the linker
domain of ABCF3 may play a role in interaction with OAS1B.
The effect of mutations and/or deletions in this and other
domains of either ABCF3 or OAS1B could be tested in the bac-
terial system by a simple growth inhibition/rescue assay. Fur-
thermore, stabilization of large amounts of OAS1B by ABCF3
and the resulting sequestration in inclusion bodies was unex-
pected, and this could be utilized to prepare large amounts of
OAS1B for biochemical and structural analysis in the future.
Some eukaryotic proteins have previously been genetically
manipulated to promote inclusion body formation and then
recovered from inclusion bodies by solubilization and refolding
into a functional form (77, 78). Functional integration of
OAS1B and ABCF3 into bacterial membranes may also be
achievable in the future through further optimization of low-
level expression (66, 79, 80), as was previously shown for G
protein– coupled receptors (81–83).

In conclusion, we showed that the mouse ABCF3 is an active
ATPase, and its activity is modulated by several lipids, including
sphingosine and sphingomyelin, two lipids previously shown to
have altered levels in flavivirus-infected cells (50 –52). High lev-
els of ATP have been shown to be required for efficient viral
RNA synthesis inside membrane replication vesicles (84, 85).
The dengue NS3 helicase unwinds dsRNA templates in the
presence of high levels of ATP but anneals complementary
RNA strands when ATP levels are low (86). Although OAS1B
protein is not an active 2–5A synthetase, we found it to have an
ATPase activity of about 90 nmol/min/mg (Fig. S4, A–C).
Therefore, the ABCF3–OAS1B complex, which is anchored in
the endoplasmic reticular membrane, may contribute to the
reduced level of viral RNA production characteristic of the fla-
vivirus resistance phenotype through its ATP binding and hy-
drolysis activities, which may be modulated by lipids as shown
in this study.

Experimental procedures

Reagents and antibodies

All reagents were purchased from Sigma unless otherwise
noted. 2�(3�)-O-(2,4,6-trinitrophenyl)adenosine 5�-triphos-
phate was purchased from Molecular Probes, Inc., and stored
at �20 °C in the dark; Hoechst 33342 was from Invitrogen;
edelfosine, cholesterol, 10:0 phosphatidylcholine (10:0 PC),
14:0 phosphatidylethanolamine (14:0 PE), LPC, LPI, sphingo-
sine, sphingosine 1-phosphate, sphingomyelin, PAF, lyso-PAF,
ceramide, and dihydroceramide were from Avanti Polar Lipids,
Inc.; Glutathione Sepharose 4B and PreScission Protease were
from GE Healthcare; and HisPurTM Ni-NTA resin was pur-
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chased from Thermo Fisher Scientific. Nucleotides, pH 7.5, and
drugs were prepared in distilled deionized water unless other-
wise stated. Cholesterol, sphingosine, sphingosine 1-phos-
phate, PAF, lyso-PAF, LPC, LPI, alkyl ether lipids, ceramide,
dihydroceramide, and quinidine were prepared in ethanol prior
to use. 10:0 PC and 14:0 PE were prepared in a buffer consisting
of 50 mM MOPS, 125 mM NaCl, pH 7.5, and sonicated before
use.

Subcloning of abcf3 and oas1b

A TOPO� XL PCR cloning kit (Invitrogen) was used to clone
abcf3 or oas1b into the pCR�-XL-TOPO� vector (pCR). The
abcf3 gene was subcloned from pCR-abcf3 into pUC18 using
EcoRI and XbaI, into pET-Duet-1 (pED) using NdeI and AvrII,
and into pGEX-6p-1 (pGEX) using EcoRI and XhoI restriction
sites. abcf3 was then subcloned from pGEX-abcf3 into pET28a
using EcoRI and XhoI restriction sites. The pGEX-abcf3 and
pET28a-abcf3 clones express ABCF3 containing an N-terminal
GST-tag and His-tag, respectively.

The oas1b gene was subcloned from pCR-oas1b into
pSU2718 using PstI and HindIII, into pED using NcoI and
BamHI, and into the pGEX-6p-1 vector using BamHI and
EcoRI restriction sites. A C-terminally truncated version of
oas1b, named oas1b(
tm), was amplified using a forward
primer containing a BamHI restriction site and a reverse primer
containing a stop codon after nucleotide 1059 of oas1b followed
by an EcoRI restriction site. The oas1b(
tm) fragment was then
subcloned into the pGEX-6p-1 vector using BamHI and EcoRI
restriction sites to generate pCR-oas1b(
tm). To create the
double-expression clone pED-oas1b-abcf3, oas1b from pCR-
oas1b was subcloned into pED-abcf3 using NcoI and BamHI
restriction sites. The pED clones (referred to as pED1b, pEDf3,
and pED1bf3) express ABCF3 and/or OAS1B protein without
a tag.

Media, growth, isolation, and analysis of cell fractions

E. coli Rosetta 2(DE3)pLysS cells containing pED, pED1b,
pEDf3, or pED1bf3 were grown in 50 ml of LB medium with
ampicillin (100 �g/ml) at 37 °C overnight. The next day these
cultures were diluted 1:50 into 250 ml of fresh LB with ampicil-
lin in a 1-liter flask and incubated at 37 °C until the mid-log
phase was reached (A600 nm � 0.6). The cultures were then
induced with 0.25 mM IPTG and incubated at 37 or 30 °C for 3 h
following induction. Cells in 100 ml of culture media obtained
under different growth conditions were pelleted by centrifuga-
tion. The pellets were resuspended in 3 ml of 1� PBS buffer, pH
7.4, containing 20% glycerol (Buffer A), 1 mM DTT, and prote-
ase cocktail inhibitor (Roche Diagnostics). Samples were lysed
twice by passage through a mini-French pressure cell (Thermo
Electron Corp.) at 16,000 p.s.i. to obtain a total cell lysate. After
centrifugation at 13,000 � g for 20 min at 4 °C, the inclusion
body (pellet) was collected, and the supernatant was centri-
fuged at 100,000 � g for 1 h to obtain the cytosol (supernatant)
and the membrane (pellet). The membrane and the inclusion
body pellets were resuspended in 250 and 500 �l, respectively,
of Buffer A containing 1 mM DTT. The protein concentration of
each fraction was determined with a DCTM assay (Bio-Rad).

Western blot analysis

ABCF3 or OAS1B in cellular fractions and as purified pro-
teins were detected by Western blotting. Proteins were sepa-
rated by 10% SDS-PAGE, and then transferred to a nitrocellu-
lose membrane for 16 h at 4 °C. An equal amount of protein was
loaded per well unless otherwise indicated in the figure legends.
After transfer, the membranes were blocked with 0.2% nonfat
dry milk for ABCF3 and 5% BSA for OAS1B. Membranes were
incubated with either anti-OAS1 antibody at 4 °C for at least
16 h or with anti-ABCF3 antibody for 1 h at room temperature.
Rabbit anti-ABCF3 polyclonal antibody (Bethyl Laboratories,
Inc.) was diluted 1:2000 with 0.2% nonfat dry milk in 1� TTBS
(1% Tween 20 in 20 mM Tris, 500 mM NaCl, pH 7.5). Rabbit
anti-OAS1 polyclonal antibody (Abcam Inc.) was diluted to
1:500 with 1% BSA in 1� TTBS. Secondary anti-rabbit goat IgG
antibodies obtained from Bio-Rad were diluted to 1:3000 in
0.2% nonfat dry milk in 1� TTBS for ABCF3 or 1% BSA in 1�
TTBS for OAS1B detection.

Densitometric scanning and quantification

The nitrocellulose membranes were scanned, and Multi-
Gauge version 2.3 software was used for quantification of pro-
tein band intensity. The expression of ABCF3 or OAS1B under
single expression conditions was designated as 1.0. A fold-
change in expression of each protein under double expression
conditions was calculated by dividing the amount of each pro-
tein in a double expression sample by the amount in a single
expression sample from the same gel. Data from at least three
independent experiments were combined to obtain average rel-
ative expression values.

Purification of GST-tagged ABCF3

E. coli Rosetta 2(DE3)pLysS cells containing pGEX plasmids
were grown in 1 liter of LB medium with ampicillin (100 �g/ml)
at 37 °C until mid-log phase was reached (A600 nm � 0.6) and
then induced with 0.25 mM IPTG at 20 °C for 16 h. ABCF3
protein was purified after expression from the pGEXf3 clone
according to the manufacturer’s instructions (GE Healthcare)
with some modifications. The cell pellets were resuspended in
50 ml of Buffer A containing 10 mM DTT and complete prote-
ase inhibitor cocktail. The cells were broken by two passages
through a French press followed by centrifugation as described
above. The supernatant was mixed with 1.3 ml of washed Glu-
tathione Sepharose (GE Healthcare) for 16 h in a tube revolver
at 10 rpm and then transferred to a 10-ml gravity-flow column.
To obtain uncleaved GST–ABCF3 protein, the column was
washed with three 10-column volumes of Buffer A with 1 mM

DTT and eluted twice with 1 ml of 10 mM glutathione in 50 mM

Tris-HCl, pH 8.0, with 20% glycerol. To obtain ABCF3 without
the GST tag, the column was washed five times with 10 column
volumes, three times with Buffer A, and two times with 1�
cleavage buffer (GE Healthcare) containing 20% glycerol and 1
mM DTT (Buffer B). The washed sepharose was then removed
from the column, mixed with 920 �l of Buffer B and 80 �l of
PreScission protease in an Eppendorf tube, and incubated on a
tube revolver for 4 h (10 rpm) at 4 °C. The sepharose was then
added back to the column, and the cleaved ABCF3 was eluted
from the column twice with 1 ml of Buffer B. The protein con-
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centration was determined using the DCTM assay (Bio-Rad),
and aliquots were stored at �80 °C until use.

Purification of His-tagged ABCF3

E. coli HMS174(DE3) cells transformed with pET28a DNA
encoding the WT or a mutant abcf3 gene were grown in 1 liter
of LB medium with kanamycin (30 �g/ml) at 37 °C until mid-
log phase was reached (A600 nm � 0.6) and induced with 0.25
mM IPTG at 20 °C for 16 h. The cells were pelleted, the cell
pellet was resuspended in 10 ml of Buffer A containing 1 mM

DTT and complete protease inhibitor, and the cells were lysed
with a French press followed by centrifugation as described
above. The supernatant was then mixed with 2 ml of Ni-NTA–
agarose (previously washed with 40 ml of Buffer A containing
10 mM imidazole) in a closed 10-ml gravity-flow column on a
tube revolver at 10 rpm for 1 h at 4 °C. The flow-through was
collected, and the column was washed with 50 ml of 30 mM

imidazole and 1 ml of 100 mM imidazole. The ABCF3 protein
was then eluted twice with 1 ml of Buffer A containing 200 mM

imidazole. The two elutions were separately dialyzed against
500 ml of Buffer A overnight and again for 2 h the next day
before collection. Protein concentration was determined by the
DCTM assay (Bio-Rad), and aliquots were stored at �80 °C until
use.

Site-directed mutagenesis of the Walker A or Walker B motifs
of ABCF3

Site-directed mutagenesis of the abcf3 gene was performed
using a QuickChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA). Mutations in the Walker A (K216A, K531A,
K216R, and K531R) or Walker B (E353A, E636A, E353Q, and
E636Q) domain of each NBD were created using the pET28a-
abcf3 plasmid as a template. Plasmid DNA with a single muta-
tion in one NBD was used as the template to make a second
mutation in the other NBD creating the double Walker A
(K216A/K531A and K216R/K531R) or the double Walker B
(E353A/E636A and E353Q/E636Q) mutants.

ATPase activity assay

The ATPase activity of 5 �g of purified WT or mutant
ABCF3 protein was determined using an ATPase activity assay,
as described previously (44, 87). The slope of the reaction was
measured between 200 and 400 s and used to determine the
ATPase activity in nanomoles/min/mg. Different concentra-
tions of a ligand were added to 5 �g of purified ABCF3 in a 1-ml
reaction volume.

Analysis of TNP-ATP binding to ABCF3

TNP-ATP binding assays were conducted with purified WT
or mutant ABCF3 proteins. TNP-ATP (0.1 to 20 �M) was added
sequentially to 5 �M ABCF3 in Buffer A in a total starting vol-
ume of 500 �l in each titration. The titrations were performed
on an Alphascan-2 spectrofluorometer (Photon Technology
International, London, Ontario, Canada) with the following
settings: 1.00-mm slit widths at 75 watts with 403 nm excitation
and 450 – 600 nm emission. To determine the increase in fluo-
rescence resulting from TNP-ATP binding to the protein, val-
ues obtained from a negative control titration without any

added ABCF3 were subtracted from the respective fluorescence
values obtained in reactions containing ABCF3. The fluores-
cence units obtained were then corrected for inner filter effects
using Equation 1 (88),

Fi, cor � �Fi � FB��Vi/V0� 	 100.5b� A�ex 
 A�em� (Eq. 1)

In Equation 1, Fi, cor is the revised fluorescence intensity
value based on inner filter effects; Fi corresponds to the prelim-
inary fluorescence values; FB is the fluorescence for the blank
(no protein) titration at a given point; V0 is the starting sample
volume; Vi is the sample volume at a given point in the titration;
b is the optical cell path length measured in centimeters; and
A�ex is the absorbance at 403 nm excitation with A�em the absor-
bance at emission wavelength 548 nm.

Percent increase in fluorescence was then obtained by using
Equation 2,

% increase � ��Fi, cor � F0, cor�/�Ff, cor�� 	 100 (Eq. 2)

In Equation 2, Fi, cor is the fluorescence intensity value cor-
rected at a given point in the titration, F0, cor is the initial cor-
rected fluorescence value for the initial titration value, and
Ff, cor is the final corrected fluorescence value for the titration.
Nonlinear regression in GraphPad Prism 6 Software was used
to analyze binding kinetics based on a single site, two site, or
allosteric model for binding.

TNP-ATP displacement assays

To determine whether TNP-ATP binds to the nucleotide-
binding pocket(s) of ABCF3, titrations were performed with
increasing concentrations of ATP (0.1–20 mM), ADP (0.1–20
mM), or AMP (0.1–20 mM). Briefly, 5 �M ABCF3 was mixed
with 5 �M TNP-ATP and 10 mM MgCl2 in 500 �l of Buffer A,
and the reaction was incubated at room temperature for 5 min
before starting the assay (55, 56). Increasing amounts of nucle-
otide were then added to the sample, and the fluorescence was
monitored. For each experiment, a blank titration (sample pre-
pared without ABCF3) was also performed. The fluorescence
values were corrected for inner filter effects according to Equa-
tion 1 above.

Intrinsic Trp fluorescence quenching analysis

Intrinsic Trp fluorescence of ABCF3 was determined on an
Alphascan-2 spectrofluorometer (Photon Technology Interna-
tional, London, Ontario, Canada) with the following settings:
1.00-mm slit widths at 75 watts with 295 nm excitation and
310 –370 nm emission. Quenching of intrinsic fluorescence by
ATP or ADP was then determined by titrating increasing
amounts of nucleotide (5 �M to 5 mM) into a 500 �l reaction
volume containing Buffer A and 0.5 �M purified ABCF3 pro-
tein. Control titrations containing 10 �M NATA in the 500 �l
reaction volume described above were also carried out with
ATP or ADP to determine the degree of nonspecific quenching
of tryptophan fluorescence. All fluorescence values obtained
were corrected for inner filter effects with Equation 1, using 295
nm excitation for A�ex and 330 nm emission for A�em. Percent
quenching was then obtained with Equation 3,

% quenching � ��F0, cor � Fi, cor�/�F0, cor�� 	 100 (Eq. 3)
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In Equation 3, Fi, cor and F0, cor are the same values as
described above. Kinetic analysis was performed using nonlin-
ear regression with GraphPad Prism 6 software using one- or
two-site binding kinetics.
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